Patch clamp techniques were used to study ionic currents in cultured mouse peritoneal macrophages. Whole-cell voltage clamp studies of cells 1-5 hr after isolation showed only a high-resistance linear membrane. After 1 day in culture, 82 of 85 cells studied had developed a voltage-and time-dependent potassium (K+) conductance similar to the delayed outward rectifier in nerve and muscle cells. The current activated when the membrane was depolarized above -50 mV. The sigmoidally rising current rose to a peak at a rate that increased with depolarization. Inactivation proceeded exponentially with a time constant of -450 ms. Recovery from inactivation was slow (r = 12 s). The reversal potentials for varying extracellular K+ concentrations followed the Nernst predictions for a KV-specific channel. The conductance was blocked by extracellular 4-aminopyridine and by intracellular tetraethylammonium chloride, barium, and cesium. Singlechannel K+ currents comprising this net current had a conductance of 16 pS, exhibited bursting behavior, and inactivated with time. No inward currents were ever detected in macrophages cultivated for up to 4 days. Short-term exposure to chemoattractant and transmitter agents failed to activate an inward current. Macrophages may change their membrane electrophysiological properties depending on their state of functional activation. We postulate that the K+ conductance develops prior to depolarizing conductances involved in the macrophage's immunological functions.
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Ionic membrane currents in macrophages may serve as signals between membrane-ligand interactions and cellular reactions such as phagocytosis of microorganisms. Cultured macrophages derived from human monocytes have an excitable membrane (1) and changes in membrane potential are among the earliest detectable events upon stimulation of phagocytosis (2) . So far, direct membrane potential or current measurements have been made with the use of intracellular glass microelectrodes (1, 3, 4) . This type of electrode, however, seriously hampers the study of ionic currents in small cells such as macrophages (3) . Therefore, we have applied the patch clamp technique (5), which allows high resolution of ionic currents in small cells (diameter, <20 jtm) up to high frequencies (<10 kHz). We report here that on the first day after isolation, mouse peritoneal macrophages develop an outward-rectifying potassium (Kt) conductance, similar to the delayed rectifier in nerve (6) (7) (8) and skeletal muscle membranes (9) . The single channels underlying this conductance exhibit a linear current-to-voltage relationship and have a conductance of about 16 pS. Since Nat or Ca2t currents could not be detected in these cells up to 4 days after isolation, we suggest that this conductance is the first conductance expressed in the development of macrophage excitability.
MATERIALS AND METHODS
Resident macrophages were isolated from the peritoneal cavity of male NMRI mice of 20-22 g (Charles River Wiga GmbH, Sulzfeld, Federal Republic of Germany) as described elsewhere (10) . Immediately after isolation the cells were spheroid, with diameters of 10-20 Aum. The macrophages were cultured in plastic Petri dishes (Falcon) for up to 4 days at 370C in a bicarbonate-buffered medium (pH 7.2; medium 199; GIBCO), supplemented with 20% fetal calf serum (GIBCO). Most experiments were performed at room temperature (220C), but, for comparison, a few were made at 34-370C. Before the experiments, the Petri dishes were washed and a standard extracellular salt solution was added (composition in mM: NaCl, 140; KCl, 2.8; MgCl2, 2.0; CaCl2, 1.0; and Hepes/NaOH, 10.0, pH 7.2.). The cells adhered well to the bottom of the dish. Giemsa-stained preparations fixed immediately after an experiment with methanol showed >99% macrophages. The standard intracellular salt solution, used to fill pipettes prior to whole-cell recordings (11) , contained 140 mM KCI, 2.0 mM MgCl2, 1.0 or 0 mM CaC12, 11.0 or 1.0 mM EGTA, and 10.0 mM Hepes/KOH (pH 7.2). In a few recordings KCI was replaced with KF. All drugs were obtained from Sigma. Experiments on one culture dish never lasted longer than 2 hr.
RESULTS
Whole-Cell Recordings. In most cultures "giga-seals" (5) were easily obtained and maintained for up to 30 min at room temperature. After 1-4 days of culture, whole-cell membrane current responses upon voltage clamp steps revealed the existence of a delayed outward-rectifying K+ conductance in 82 of 85 cells tested ( Fig. 1 a and c-e) . This conductance developed on the first day after isolation, since 1-5 hr after isolation, 15 of 18 cells exhibited only a linear leakage resistance of >10 Gfl (Fig. lb) . In cells cultured >24 hr, resting potentials measured immediately after establishing whole-cell recording conditions were in the range of -80 to -90 mV. Surprisingly, in none of these cells were other voltage-and time-dependent conductances found in the voltage range of -200 to +40 mV. § The K+ conductance activates in the voltage range above -50 mV ( Fig. 1 a, (Fig. 2a) . The current is blocked by 5 mM extracellular 4-aminopyridine (Fig. 2b) , 5 mM intracellular Ba, or CsCl replacement for KCl. Block of the delayed rectifier by these substances has been described elsewhere (13) . Under these conditions no other voltage-and time-dependent currents (for example, Na' or Ca2+) were found in the voltage range of -150 to +40 mV (see Fig. 2c ) nor did we find other conductances or significant changes of the voltage-dependent Single-Channel Recordings. Current records from outsideout patches (5) showed the quantal nature of the microscopic currents underlying the macroscopic current (Fig. 3a) . For an outside-out patch containing several channels, depolarizing voltage steps applied from Vh = -80 mV to values at which the outward-rectifying K+ current activates caused qualitatively similar-time-dependent currents (Inset in Fig.  3b ) as in whole-cell records. The I-V curve (Fig. 3b) of the single-step currents is linear in the voltage range of -40 to +70 mV. An I-V curve collected from seven experiments has a slope of 15.7 + 5.0 pS at asymmetric K+ concentrations (140 mM in the pipette; 2.8 mM extracellularly) and extrapolates to a reversal potential of -89.3 + 15.3 mV (mean + SD; 236 data points), not far from the expected EK = -98.5 mV. Thus, these channels are K+-specific channels. Inactivation proceeds, at least in part, through a decline in probability of channel opening, as shown for Na+ channels in muscle cells (14) . No change in channel amplitude was seen in patches with only one channel. The similarity between time-and voltage-dependent behavior of the K+ channels and the K+ conductance and the absence of other time-and voltage-dependent channels and conductances in the voltage range of -100 to +40 mV imply that the observed K+ channels constitute the observed K+ conduct- ance. Although we have not described channel kinetics here, there are at least two closed states, since channel openings occur in bursts with rapid transitions to short-lived closed states during bursts (Fig. 3a) .
DISCUSSION
We report a voltage-and time-dependent K+ conductance in macrophages similar to that present in nerve and muscle cells. This delayed outward-rectifying conductance develops on the first day after isolation without development of inward currents. Activation and deactivation kinetics are voltage dependent, but inactivation, which is a much slower process, is voltage independent. measured in internally perfused cells (15) . In our cells, it is unlikely that such a "rundown" eliminated Ca2+ currents within the few seconds' time needed to establish whole-cell recording and depolarize to potentials at which Ca2+ currents would be observed. In chromaffin cells, the fastest Ca2+ current rundown occurred over several minutes (15) . However, we cannot exclude the possibility that rundown of Ca2+ channels in these cells may be much faster than in other cells.
This study shows the high-resistance nature of the macrophage membrane as predicted from analysis of microelectrode impalements (3) . Membrane resistance varies between 108 and 1010 fQ, depending on the presence of the K+ conductance and its degree of activation (and inactivation). This range includes values much higher than ever found with microelectrodes (1, 3, 4) . We have also shown that the patch clamp technique allows the study of macrophages at very early stages of in vitro culture as opposed to macrophages treated in various ways or cultured for weeks to increase cell size for microelectrode studies (3, 4) .
Our results pose questions as to the role of this K+ current in macrophage function, since resident mouse peritoneal macrophages under our conditions of measurement do not have inward voltage-and time-dependent conductances (e.g., for Na+ or Ca2+) within 4 days after isolation. However, human macrophages in culture can produce action potentials (1) and thioglycolate-elicited mouse peritoneal macrophages (long-term cultured) may exhibit an inward-rectifying K+ conductance (4) . Therefore, macrophages may be able to change their membrane electrophysiological properties, depending on their state of functional activation. We hypothesize that the K+ conductance described in the present study develops prior to future depolarizing events or incorporation of inward channels and that this conductance. is involved in immunological functions of macrophages such as phagocytosis.
